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Experimental measurements of the decay modes of the *W* boson are summarised in the Particle Data Group (PDG) review \[[@CR1]\]. They consist of: the three leptonic decays to $\documentclass[12pt]{minimal}
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This is to be compared with the PDG table for the *Z* boson, which reports over 50 different searches and measurements of the decay modes of this particle, including semi-exclusive hadronic final states (e.g. $\documentclass[12pt]{minimal}
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                \begin{document}$$Z\rightarrow \mu e$$\end{document}$, *ep*). The leptonic decays and the total inclusive hadronic decay of the *Z* have been measured with a precision over an order of magnitude better than those of the *W*, i.e. at the per mille level. The difference in the PDG tables reflects the fact that LEP, being an electron--positron collider, could singly produce of order $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$10^7$$\end{document}$*Z* bosons in an experimentally clean environment. Although $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sim $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$10^{11}$$\end{document}$*W* bosons will be produced at the high luminosity (HL) large hadron collider (LHC), and orders of magnitude more at proposed future hadron colliders, the huge QCD background to generic *W*-production final states, and the trigger challenges, render many precision studies of *W* decays implausible at these machines. Proposed future electron--positron colliders will pair produce *W* bosons in a clean environment, but, even in the case of circular accelerators such as TLEP \[[@CR3]\] or CEPC \[[@CR4]\], they at best promise samples of $\documentclass[12pt]{minimal}
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One of the main ideas in this note is to highlight that the enormous $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ production cross section at hadron colliders operating at LHC energies and above is a promising environment in which to make precision measurements of the *W* boson, given the manageable QCD background and given the trigger opportunities. Top quarks decay dominantly into a *b* quark and a *W*, and by tagging on the leptonic decay of one of the *W* bosons in the event, as well the *b*-jets, a situation is created where inclusive decays of the leftover *W* boson in the event can be studied in a rather unbiased way -- see Fig. [1](#Fig1){ref-type="fig"}. There will be $\documentclass[12pt]{minimal}
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In this note we focus on fully exclusive hadronic decays of the *W*, which are experimentally very difficult to study at a hadron collider. For this we use a technique that utilises what can be seen as an extreme form of jet substructure and which we refer to as single particle jet isolation -- requiring jets which have as constituents a single particle (with a looser definition when the particle is a photon). This method relies on the fact that a well-isolated single hadron or photon is a rare outcome of generic QCD evolution. This approach is clearly analogous to what is done experimentally to identify hadronic decays of tau leptons.

Of the three massive fundamental bosons of the standard model, not a single exclusive hadronic decay mode has ever been measured. Low-multiplicity decays can only arise from a perturbative evolution of the final state with radiation of few (or no) gluons, with a probability that is greatly suppressed by Sudakov effects in the form of powers of $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda _{\mathrm{QCD}}/m_W$$\end{document}$. The observation of such decays would therefore probe strong-interactions in a very interesting dynamical domain, at the borderline of perturbative and non-perturbative physics. Furthermore, a number of recent papers \[[@CR6]--[@CR11]\] have addressed the idea of using exclusive hadronic decays of the Higgs boson $\documentclass[12pt]{minimal}
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                \begin{document}$$V=W,Z,\gamma $$\end{document}$ and *M* is a meson, as a test of both the on- and the off-diagonal couplings of *h* to quarks. Such measurements are very challenging at the LHC, and observing exclusive hadronic decays of the *W* would provide a proof of principle that this type of final state is accessible at a hadron collider. As pointed out in \[[@CR8]\], future electron--positron colliders do not have the required statistics for observing these decays.

We present a Monte Carlo (MC) study, performed at particle level, using single particle jets to overcome the overwhelming hadronic activity at a hadron collider. We focus on the phenomenologically simplest two- and three-particle exclusive decays to mesons that are 'stable' as far as the LHC detectors are concerned,$$\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$K^+$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$D^+_s$$\end{document}$ etc. are also discussed, as well as the prospect of mass measurement in these fully visible decay modes.

We proceed as follows: in Sect. [2](#Sec2){ref-type="sec"} we discuss theoretical issues surrounding exclusive hadronic decays of weak bosons. In Sect. [3](#Sec3){ref-type="sec"} we present a MC particle level study which uses the technique of single particle jet isolation to measure these decays at hadron colliders, and comment on further experimental handles that can be used to increase sensitivity to these decays in the $\documentclass[12pt]{minimal}
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Rare exclusive hadronic decays of the *W* boson {#Sec2}
===============================================

The main reason that no exclusive hadronic final state of the weak bosons, *W* or *Z*, has ever been observed is because the majority of the decays are into $\documentclass[12pt]{minimal}
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Is it possible to observe final states with branching ratios as small as those described above? We now turn to the challenge of observing them in high energy proton--proton collisions, where pions and photons are produced in huge numbers, and study the use of single particle jet isolation in the $\documentclass[12pt]{minimal}
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Single particle jet isolation {#Sec3}
=============================

We perform a MC study to estimate the reach of the HL-LHC and future hadron colliders in observing such two- and three-particle exclusive hadronic decays, with two separate analyses to search for $\documentclass[12pt]{minimal}
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If the event passes these triggering cuts, single particle isolation cuts are then implemented to separate signal from background. Firstly, all of the particles associated with the two *b*-tagged jets are removed from the event. The event is then resent to FastJet with a different *R* parameter, $\documentclass[12pt]{minimal}
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For this analysis we have used leading order event generation, and made no estimate of the theoretical uncertainties in doing so, although as the analysis is shape driven we do not expect NLO QCD effects to have a large effect on this. We also do not take into account any of the realistic collider effects, in particular the problem of pileup and detector effects. A full study of these effects is beyond the scope of this note, but we point out some important handles and improvements which can be made in the analyses which we hope will ameliorate the inevitable degradation of the results presented here. Firstly, important information is contained in the direction of the three-momentum of the particles -- particularly well measured for the charged pions -- since these tracks should point back to the interaction vertex (flagged by the lepton in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$ event) coming as they do directly from the *W* decay. This can be used to kill background coming from secondary isolated pion production (such as tau decay) and to help deal with pileup contamination -- the vertex must be the same as that determined for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$ event. Whether this alone will be enough to control pileup and whether new experimental techniques can be invented to increase sensitivity to exclusive hadronic decays under LHC pileup conditions remain questions to be answered by a detailed study. Secondly, given that the background determination will be data driven, a useful observation is that the sign of the lepton coming from the tagging side of the $\documentclass[12pt]{minimal}
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The above analysis carries over directly to two- and three-particle decays where charged pions are replaced by charged kaons or (anti-)protons, since these too are stable as far as the detector is concerned. In reality, particle identification (PI) is done on a statistical basis, so these measurements would overlap into each other. Similar to the wrong charge sum exploration of the background, groups of decay products are forbidden, for example $\documentclass[12pt]{minimal}
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                \begin{document}$$W^+\rightarrow \{D^+,D^+_s,\ldots \} \pi ^+\pi ^-$$\end{document}$, and a whole spectrum of higher spin mesons and baryons could be envisaged, but unlike the pions, kaons and protons, these particles decay before reaching the detector. This could give rise to distinctive signatures, and it would be interesting to investigate them, in particular the details of the complications arising from neutrinos in the decays, and the way in which tagging techniques would fit with the isolation techniques used here. For example, jet substructure techniques can look for particular decay patterns inside the cone of size $\documentclass[12pt]{minimal}
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We briefly comment on the possibilities of precision mass measurement of the *W* boson in the three-pion decay channel, since a fully visible final state makes it possible to directly construct a mass peak, in contrast to the usual techniques that have to deal with missing energy originating from a neutrino in a leptonic decay channel. The current uncertainty on the *W* mass is $\documentclass[12pt]{minimal}
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Conclusions and outlook {#Sec4}
=======================

Top quark pair production provides a potential high-statistics environment for studying the properties of *W* boson decays with a limited trigger bias. Triggering on two *b*-jets and the leptonic decay of one *W* suppresses QCD backgrounds to both the trigger and the analyses, and requiring (transverse) top mass reconstruction, QCD backgrounds can be even further reduced. Around $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$10^9$$\end{document}$ additional *W*s on the other side of the event will be produced in this way after the HL-LHC run. In this note we have discussed making measurements of exclusive hadronic decays of the *W* bosons in this environment. We showed that, by using isolation cuts embodied by single particle jets, it is possible that the LHC reaches the sensitivity required for measuring what would be the first exclusive hadronic decay of a fundamental standard model boson. We considered as an explicit example the decays $\documentclass[12pt]{minimal}
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However, a detailed and realistic experimental simulation is necessary to determine whether the conclusions presented in this note are robust. We have pointed out further experimental handles that can be used to improve aspects of the analysis. It will be interesting to see whether single particle jet isolation, used here primarily for its simplicity, is a useful technique after detector effects and pileup are taken into account. We expect that more usual isolation criteria (such as requiring hadronic activity of less than some energy in a cone around a particle, similar to those already employed in the $\documentclass[12pt]{minimal}
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Although semi-exclusive hadronic measurements of the form $\documentclass[12pt]{minimal}
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Experimental observation of an exclusive hadronic decay mode of the *W* at a hadron collider would bolster proposals in the literature to search for exclusive Higgs decays at these machines. It is tempting to speculate on the implications of this study for such measurements, in particular the preference for three-body decay modes, due to both the increased branching ratio and the background reduction seen here. However, the decay mechanism is different enough to warrant further study in this direction and, more importantly, the triggering requirements for dealing with the collider background are very different between what we study here and the case of Higgs production.[7](#Fn7){ref-type="fn"} We leave such considerations to future work. It is clear, however, that if experimental techniques were honed so as to measure an exclusive decay of the *W*, this would be invaluable in assessing future exclusive Higgs decay prospects.

The branching ratios for the exclusive hadronic decays considered here are pushing the limits of the statistics available at the LHC. At a future hadron collider, such as a 100 TeV *pp* collider, up to two orders of magnitude more $\documentclass[12pt]{minimal}
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A rich amount of possibilities for extending the known *W* decay table lies in exclusive hadronic decays alone. But, akin to the entries in the *Z* decay table, this can be bolstered further already at the LHC, through searches in the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ environment. Because roughly a ninth of *W*s decay into taus, and another third decay into charmed hadrons, a similar number of these particles as *W*s opens up the possibility of a detailed study of their properties in turn. Furthermore, as discussed in Ref. \[[@CR39]\], the *b* quarks produced in the top decay create an enormous number of *B*-hadrons, which can have their *b* or $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{b}$$\end{document}$ nature determined via the sign of the lepton from the decay of the associated *W*, after (transverse) top mass reconstruction. Looking to the far future, there is a very open playing field as to the details of new hadron colliders, with plenty of room for innovative searches and detectors. In this context, we look forwards to further work as regards the question: can huge statistics in the bush compete with a smaller number of clean events in the hand?

Appendix A: OPE for the decay rate $\documentclass[12pt]{minimal}
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Here we review Manohar's calculation of $\documentclass[12pt]{minimal}
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The CDF experiment improves on the limit quoted in the current PDG by an order of magnitude to $\documentclass[12pt]{minimal}
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Note added: after the release of a preprint of this paper, a publication by other authors \[[@CR16]\] has presented this calculation (and many other exclusive modes) using the light cone distribution amplitude method, including higher order terms and with a detailed study of systematic errors, leading to a branching ratio of $\documentclass[12pt]{minimal}
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Such effects are suppressed since they can only be observed through a correlation in the *W* spin with the spin of another particle in the event, leading, if present, to possible correlations in the momenta of the *W* decay products with e.g. the lepton or *b*-jet on the other side of the event. Given the tiny rates, we believe such effects will not be measurable. However, for completeness we mention that the $\documentclass[12pt]{minimal}
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A check was put in place to disregard any of these events where the $\documentclass[12pt]{minimal}
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The analogue of this background does not affect the $\documentclass[12pt]{minimal}
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For example, see e.g. \[[@CR5]\] for a study of the parameter space of heavy Majorana neutrinos which can be accessed through on-shell *W* decay.

The first relation follows from the definition of the pion decay constant, and the second through invariance under CP and a $\documentclass[12pt]{minimal}
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